Brown MB, McCarty NA, Millard-Stafford M. High-sweat Na ϩ in cystic fibrosis and healthy individuals does not diminish thirst during exercise in the heat.
INDIVIDUALS WITH THE AUTOSOMAL recessive disease cystic fibrosis (CF) typically excrete sweat with a three to five times higher Na ϩ concentration ([Na ϩ ]) compared with sweat from healthy individuals (11, 39) . High [Na ϩ ] can be measured in the sweat from some apparently healthy (non-CF) individuals as well, with values approaching that of CF (36) . For both CF and healthy individuals who excrete exceptionally salty sweat secondary to inherent ductal ion channel differences (9) , it is unclear how the loss of proportionately less free water (FW) from plasma to sweat (30) may impact physiological responses directed at body water regulation during exercise-induced dehydration, including apparent thirst drive. Plasma water loss invokes a rise in blood osmolality, which serves as a strong physiological signal for thirst and prompts drinking behavior aimed at restoration of fluid balance (15, 21, 35, 44 ). An attenuation of FW loss may result in a diminished hyperosmolality-dependent sensitivity of thirst and promote involuntary dehydration (15) in individuals with high-sweat [Na ϩ ]. For instance, children with CF have been observed to drink less during exercise presumably because of a decreased hyperosmotic trigger attenuating the thirst drive (6, 20, 27) . However, this has not been examined directly in the laboratory.
In addition to a rise in blood osmolality, loss of plasma water via normal sweating invokes a shift in fluid from the intracellular compartment (ICF) to the vascular space of the extracellular compartment (ECF) to maintain circulating blood volume (17, 25, 26) . Because ECF-to-ICF fluid shifts are driven by the osmotic gradient determined primarily by blood NaCl concentration ([NaCl]), dehydration in the absence of hyperosmolality is generally accompanied by an exaggerated hypovolemia (14, 17, 22) . Suggestion of blunted thirst for CF patients secondary to a diminished hyperosmotic trigger is contrary to reports in humans and animals following other forms of isoosmotic fluid depletion (i.e., bleeding, diuretics) which indicate that thirst is maintained from hypovolemic stimulus (3, 13, 14, 17, 22) . Whether dehydration in individuals with high-salt losses is accompanied by an attenuated hyperosmolality and exacerbated hypovolemia, and if the net effect preserves thirst sensitivity during prolonged sweating, is not clear and has important practical implications.
Excreting sweat that is nearly isotonic to plasma, individuals with CF are at potentially greater risk for the development of dehydration and hyponatremia during prolonged exercise in the heat (43) . Improved management of respiratory and digestive sequelae over the past decade has facilitated increased participation in sports for those with CF, and, with higher levels of aerobic fitness associated with increased life expectancy (28, 46) , regular physical exercise is encouraged for patients. To maximize safety and performance during sports and other physical activity in the heat, electrolyte and fluid losses during prolonged sweating need to be clearly defined for optimal fluid replacement guidance. Although CF responses to thermally induced sweating during exercise is reported (6, 20, 32, 33) , methodological limitations such as uncontrolled volume of fluid ingestion during exercise (6, 32, 33) and extremely disparate fitness levels for CF and non-CF groups (33) were major limitations.
Therefore, the purpose of the present study was to examine thirst with progressive dehydration in trained subjects representing the physiological extremes of Na ϩ losses during prolonged exercise in the heat. We hypothesized that high sweat Na ϩ losses (in both healthy and CF) would attenuate the increase in blood osmolality but concomitantly elicit greater relative plasma volume loss. With these two mechanisms serving as dual regulators of thirst, the decreased osmotic trigger in exceptionally "salty sweaters" could be compensated for with a greater hypovolemic signal to maintain thirst drive. However, based on previous observations in CF children, we hypothesized that fluid replacement immediately following exercise would be lower in CF subjects compared with healthy individuals across a range of sweat [Na ϩ ].
MATERIALS AND METHODS
Preliminary screening and subject selection. Subjects were recreationally active young adults (aged 18 -40 yr) not known to have CF. During preliminary sweat collection sessions (i.e., 30 -60 min of cycling or running at self-selected pace until 1.5-2 ml of sweat was obtained), eight exceptionally salty sweaters (SS) with sweat [Na ϩ ] Ͼ70 mmol/l and eight individuals with typical sweat [Na ϩ ] (Ͻ60 mmol/l) (Control) were identified. The cut off of Ͼ70 mmol/l used for selecting SS is ϳ 2 SD higher than the mean recently reported for regional sweat [Na ϩ ] collected under similar conditions and with a similar technique (23) .
In addition, six young adults with CF were recruited through the Emory University Cystic Fibrosis Center and the local community to participate as volunteers. All CF had sweat Cl Ϫ concentration ([Cl Ϫ ]) values from previous diagnostic pilocarpine testing of Ͼ75 mmol/l. One CF subject was ⌬F508/R1162X, one was ⌬F508/1717-1G¡A, and the remaining four were homozygous for ⌬F508 mutations. All CF were in stable clinical status with a forced expiratory volume/1 s Ͼ75% predicted, performed aerobic exercise for a minimum of 4 h/wk, and were cleared by their physician for participation. Informed written consent was obtained from both CF and non-CF subjects, and the protocol was approved by the Institutional Review Boards at the Georgia Institute of Technology and Emory University.
Study design and subject characteristics. Responses to progressive dehydration induced by prolonged exercise in the heat in Control, SS, and CF were compared using a cross-sectional design. Matching of each SS subject with a Control subject was based on the criteria that Control had lower sweat [Na ϩ ] by at least ϳ50% compared with matched SS in addition to similar age, gender, anthropometry, training history, and aerobic capacity. Subject characteristics are presented in Table 1 . Sample size among the groups was not equally balanced because of difficulty in recruiting CF subjects and a subject drop-out in SS. Compared with Control and SS, CF were younger, had lower aerobic capacity, and lower weekly training volume as expected given the nature of the disease. Paired Control and SS were tested in the same month, and between the months of December through May, to control for natural heat acclimation (a well-documented modifier of sweat composition) (1, 19, 26, 42) . CF subjects were not necessarily tested within the same month as Control and SS; however, this was not a major study limitation, since CF sweat composition does not change with heat acclimation (33) . All female subjects were tested in the early follicular phase of the menstrual cycle to avoid estrogen and progesterone influences on osmotic thirst and arginine vasopressin (AVP) responses during the luteal phase (47) . Comparison of collected sweat among groups was performed at the same relative dehydration (0.5-3.0%) and exercise intensity to minimize potential effects of these known modifiers on sweat electrolytes.
Initial testing session: Aerobic capacity assessment and familiarization. In the first test session, a graded, incremental cycling test was conducted in the heat (32-33°C and 35% relative humidity) to determine maximal oxygen uptake (V O2max). Collection of expired gases (Parvo Medics, Salt Lake City, UT) to determine oxygen consumption (V O2) and respiratory exchange ratio (RER), heart rate (HR), and rating of perceived exertion (RPE) (7) were recorded during each test stage (consisting of 25-to 50-watt increments every 2 min) until volitional exhaustion. V O2max was considered achieved at test termination based on attainment of at least two of the following criteria: a plateau in V O2 during the last two stages (increase Ͻ2.1 ml·kg Ϫ1 ·min Ϫ1 ), a HR within 10 beats/min of age-predicted maximum HR, a RER Ն1.10, or a minute ventilation Ͼ115 l/min.
Following the V O2max test, subjects performed a 30-min familiarization ride in the heat (32-33°C and 35% relative humidity) at 50% V O2max to validate the work loads for the next test session. Nude dry body weight was obtained before and after the 30-min ride to determine individual whole body sweat rates (SW). During the familiarization ride, a regional sweat sample was collected from the right scapula to confirm group placement.
Body composition was assessed using dual-energy X-ray absorptiometry with a Lunar Prodigy whole body scanner (GE Medical Systems, Madison, WI). At the completion of the initial testing session, subjects were instructed in recording food and beverages for the three days before their next test session.
Dehydration protocol via prolonged cycling in heat. Subjects abstained from caffeine at least 12 h before and alcohol at least 32 h before reporting to the laboratory for testing. Twenty-four hour food logs indicated that subjects complied with instructions to consume a standardized breakfast meal (bagel, toast, or English muffin with cream cheese, butter, and/or peanut butter and orange juice) on the morning of testing. There was no difference (P Ͼ 0.05) among groups in Na ϩ intake relative to body weight (12.7 Ϯ 8.0 mg/kg) for the morning of testing, and for the average of three days before testing (60.0 Ϯ 24.8 mg/kg).
To minimize variation in preexercise hydration, subjects followed a euhydration protocol. Subjects ingested 12 ml water/kg body wt the evening before and also the morning of testing. No physical exercise was performed 24 h before testing. Euhydration was confirmed with urine specific gravity (USG) values Ͻ1.021 (4) 1 h before and immediately before beginning the exercise protocol and measurement of serum osmolality Ͻ290 mosmol/kgH2O (37) . All subjects began the protocol well-hydrated with no difference (P Ͻ 0.05) among groups in initial mean Ϯ SD serum osmolality (Osmopre) (Control 279.9 Ϯ 2.8, SS 282.8 Ϯ 2.5, and CF 284.0 Ϯ 3.2 mosmol/kgH2O) or USG (Control 1.006 Ϯ 0.002, SS 1.006 Ϯ 0.001, and CF 1.009 Ϯ 0.004).
The experimental protocol consisted of prolonged cycling in a heated environmental chamber (32-33°C and 35% relative humidity). Cycling was performed at 50% V O2max, in 20-min bouts, separated by 5-min rest periods (in the chamber) and continued until 3% body weight loss. To estimate whole body fluid loss, nude body weight was obtained preexercise and every 20 Mean Ϯ SD physical characteristics, exercise training volume, and aerobic fitness [maximal oxygen uptake (V O2max)] and heart rate during maximal exercise (HRmax) of Control, noncyctic fibrosis salty sweaters (SS), and cystic fibrosis (CF) subjects; n, no. of subjects. F, females; M, males. *Significantly less than Control and SS, P Ͻ 0.05. recorded every 20 min. RPE according to a 15-point Borg Scale (7) was recorded at the end of each 20-min stage. Rating of perceived thirst, obtained before and every 20 min during cycling, and every 10 min during the postexercise recovery period, was assessed using a nine-point thirst scale with verbal anchors ranging from one ("not thirsty at all") to nine ("very, very thirsty") (21) .
As an additional measure of thirst, volume of beverage voluntarily ingested following exercise was recorded at 10-min intervals during a 60-min recovery period in a thermoneutral room (22°C). Rating of perceived thirst was also collected at these intervals. A carbohydrateelectrolyte replacement beverage with 20 mM Na ϩ (Gatorade; Pepsico, Purchase, NY) was provided to subjects in their preferred flavor (out of orange, lemon-lime, and fruit punch) with standardized instructions for ad libitum drinking. The drinking container was refilled when between half and three-fourths empty. Subjects were not aware of the larger container from which their drink was refilled nor the monitoring of their drinking behavior. Because of CF subject complaints (e.g., headache, cognitive difficulty, confusion) during rehydration, presumably from substantial sweat NaCl losses, CF were also provided ad libitum salty foods (e.g., potato chips, salty crackers) beginning at 40 min postexercise. Unfortunately, this necessary departure from protocol precludes comparisons between CF and non-CF subjects past the 40-min postexercise time point.
Regional sweat analysis. Sweat was collected with the modified Brisson (8) method using a collection pouch constructed with impermeable Parafilm (7 ϫ 8 cm) (American Can, Greenwich, CT) and Opsite wound dressing (10 ϫ 14 cm) (Smith & Nephew, Largo, FL). While whole body washdown may be the preferred method for examining whole body losses of sweat electrolytes (5, 38), our examination of sweat over progressive dehydration (not just postexercise) made the whole body washdown method extremely difficult and impractical. Furthermore, an additional purpose of the study protocol was to compare sweat electrolytes with sweat duct ion channel abundance determined from skin biopsy performed at the regional sweat collection site (9) . Because the sweat collected at the scapula correlates well with whole body sweat concentrations for [Na ϩ ] and [Cl Ϫ ] (34), and the concern for biopsy wound and scarring at this location is less than for other regional sites (i.e., forehead, forearm, foot), the scapula was chosen for this protocol. The skin of the scapula was cleaned with alcohol, deionized water, and sterile gauze and air-dried before application of the collection pouch. Sweat was aspirated from the collection pouch every 20 min during cycling.
) concentration were measured in triplicate using a chemistry analyzer (Nova 5; Nova Biomedical, Waltham, MA). Frequent removal of accumulated sweat minimized electrolyte leaching from the epidermal layer into the sweat sample. Stable sweat [K ϩ ] values throughout the collection time points provided evidence that this potential source of error was minimal (48) .
Blood and urine analysis. A forearm vein was cannulated with subjects in a supine position, and, following 12 min in a sitting position, a resting blood sample was drawn. Blood samples were also drawn every 20 min during the cycling protocol and following the 60-min recovery period. For most CF subjects, additional recovery samples were drawn at 40, 90, and 120 min. The catheter was kept patent with a sodium heparin lockflush solution. Following removal of an ϳ1.5-ml waste sample, venous blood was drawn in an EDTAtreated test tube and immediately analyzed for hemoglobin (Hb) (HemaCue) and hematocrit (Hct) (microhematocrit centrifugation). At all collection times, a venous sample was also drawn in a serum separator tube and allowed 30 -60 min to clot before processing. Blood was centrifuged at 3,000 rpm for 10 min, and plasma and serum were stored at Ϫ20°C. Plasma hormone assays were performed by an outside laboratory (Yerkes Biomarkers Core Laboratory; Emory University, Atlanta, GA). Plasma samples corresponding to baseline (0%), 1.5%, and 3.0% dehydration were analyzed using commercially available radioimmunoassay kits for aldosterone (ALDO) (Diagnostic Systems Laboratories, Beckman Coulter, Webster, TX) and angioten- 
. FW loss was calculated as TBW loss Ϫ (cation loss ϫ 2)/serum Osmopre. The ratio of FW loss to TBW loss describes the nature of the dehydration challenge (isotonic vs. hypotonic) and determines how the TBW loss is shared by the different body fluid compartments (17, 30) . The relative change in plasma volume (%⌬PV) was calculated from changes in Hb and Hct (10) .
Statistical analysis. A mixed-model analysis with the between factor of group and repeated factor of dehydration level or time was used to assess differences among groups for physiological responses across body weight losses of 0 -3.0%, or across time of recovery from exercise. Because of the unequal n values, a homogeneity of variance test was run on the groups and found to be tenable. When a significant interaction effect was determined (group ϫ level or time), post hoc analysis (Tukey) was performed to identify between-group differences. One-way ANOVA was used to assess differences among groups for variables not expressed over progressive dehydration or time such as subject characteristics, pretest measures, and change relative to baseline for variables measured postexercise. When a significant main effect for group was observed, post hoc analysis (Tukey) was performed to identify between-group differences. Association of sweat [Na ϩ ] with serum osmolality, serum [Na ϩ ], %⌬PV, hormone responses, and ad libitum drinking and association of serum [electrolytes] with ad libitum drinking were analyzed with Pearson product-moment correlation. The number of subjects in each group (minimum of 6) provided sufficient statistical power (␤ ϭ 0.20) to detect a thirst rating difference equal to two times (1.0) the typical within-subject SD of 0.5, based on intrasubject variablility in thirst ratings determined in a previous study (18) . Statistical testing was conducted using SPSS (version 17.0; Chicago, IL). An ␣ level of 0.05 was used to indicate statistical significance. All values are presented as means Ϯ SD.
RESULTS
Sweating characteristics and responses. Sweating-related characteristics are presented in Table 2 . Control, SS, and CF had similar exercise time, TBW loss, and percent body weight loss (3% dehydration) achieved at the termination of exercise. Work rate was lower for CF because of lower maximum oxygen uptake. There was no difference among groups in SR expressed relative to body weight (kg) or as absolute values (0.9 Ϯ 0.2 l/h for Control, 1.0 Ϯ 0.3 l/h for SS, and 0.7 Ϯ 0.2 l/h for CF). SR was not constant during the dehydration protocol, as expected, but subtle changes were not different among groups (P ϭ 0.93). Sweat electrolytes (Table 2) ] increased with progressive dehydration as expected (25) , and the change relative to time and to dehydration was not different (P Ͻ 0.05) among groups. Higher calculated total sweat [Na ϩ ] was significantly and inversely associated with FW loss (r ϭ Ϫ0.99, P Ͻ 0.001). Calculated FW loss relative to kilogram of body weight (Table  2 ) was significantly lower than Control for SS (P Ͻ 0.001) and CF (P Ͻ 0.001). FW loss in CF was also significantly less than SS (P Ͻ 0.001). This was also observed when FW loss was expressed as a percentage of ⌬TBW (data not shown).
Blood responses. Over progressive dehydration (0 -3% body wt loss), change in serum osmolality (Fig. 1A) was significantly different by group (P ϭ 0.034). The net increase in serum osmolality from preexercise (0% dehydration) to postexercise (3% dehydration) (Fig. 1A) was significantly lower for CF (P ϭ 0.002) and SS (P ϭ 0.012) compared with Control. Higher-sweat [Na ϩ ] was significantly associated (r ϭ Ϫ0.76, P Ͻ 0.001) with an attenuated rise in serum osmolality (Fig.  1B) . Examining absolute values, baseline serum osmolality tended (P ϭ 0.06) to be lower for Control (279.9 Ϯ 2.4 mosmol/kgH 2 O) compared with CF (284.1 Ϯ 3.2 mosmol/ kgH 2 O) but not SS (282.9 Ϯ 2.5 mosmol/kg). By the exercise termination point (3% dehydration), serum osmolality increased to 294.8 Ϯ 4.1 mosmol/kgH 2 O in Control compared with 290.2 Ϯ 2.4 mosmol/kgH 2 O for CF and 291.2 Ϯ 4.9 mosmol/kgH 2 O for SS (P ϭ 0.14).
Increase in serum [Na ϩ ] over progressive dehydration was significantly affected by group (P ϭ 0.004). Baseline serum [Na ϩ ] was not significantly different (P Ͼ 0.05) between Control (142.1 Ϯ 0.9) and SS (141.6 Ϯ 1.1), but CF was higher than Control (143.2 Ϯ 0.8 mmol/l, P ϭ 0.027). At exercise termination (3% dehydration), serum [Na ϩ ] was significantly lower for CF (146.1 Ϯ 1.2, P ϭ 0.003) and tended to be lower for SS (147.9 Ϯ 1.7, P ϭ 0.071) compared with Control (149.7 Ϯ 1.5 mmol/l). Importantly, change in serum [Na ϩ ] from pre-to postexercise was less for CF (2.9 Ϯ 1.7) compared with SS (6.3 Ϯ 1.0, P ϭ 0.001) and Control Percent reduction in plasma volume (PV) across progressive dehydration during exercise ( Fig. 2A) was significantly affected by group (P ϭ 0.05). Pre-to postexercise %⌬PV Mean Ϯ SD values for Control, SS, and CF subjects for exercise time, percent dehydration, total body water (TBW) loss, free water loss relative to body weight, average whole body sweat rate (SR) relative to body wt, and regional sweat sodium (Na ϩ ), chloride (Cl Ϫ ), and potassium (K ϩ ) concentration (indicated by brackets). *Significantly different from Control and #CF significantly different from SS, P Ͻ 0.05. reduction was greater in CF (P ϭ 0.03) and SS (P ϭ 0.05) compared with Control. Higher sweat [Na ϩ ] was significantly related (r ϭ 0.53, P ϭ 0.02) to greater postexercise %⌬PV (Fig. 2B) .
Change from baseline to postexercise varied greatly within each group for plasma AVP concentration ([AVP]), and there were no between-group differences determined (Control 12.5 Ϯ 6.2, range 3.5-18.6; SS 25.5 Ϯ 18.5, range 5.83-44.0; CF 12.9 Ϯ 6.8, range 5.4 -21.7 pg/ml, P ϭ 0.38). Also for plasma ALDO concentration, change from baseline to postexercise varied greatly within each group, and there were no between-group differences determined (Control 601.9 Ϯ 264.9, range 317. Physiological responses. As designed, relative exercise intensity (%V O 2max ) was similar among groups (51.9 Ϯ 2.5% for Control, 51.2 Ϯ 2.6% for SS, and 52.6 Ϯ 2.8% for CF). Mean HR across the dehydration protocol were higher for CF compared with Control and SS (P ϭ 0.01), but mean percent peak HR was not different (P ϭ 0.22) among groups (72.5 Ϯ 4.4% for Control, 72.8 Ϯ 5.6% for SS, and 77.6 Ϯ 7.1% for CF). There was no difference among groups in core temperature relative to dehydration level (P ϭ 0.29). Final core temperature was 38.4 Ϯ 0.3, 38.1 Ϯ 0.2, and 38.1 Ϯ 0.4°C for Control, SS, and CF, respectively (P ϭ 0.21), and increased similarly among groups (net change of 1.5 Ϯ 0.5, 1.4 Ϯ 0.6, and 1.0 Ϯ 0.2°C for Control, SS, and CF, respectively, P ϭ 0.16). There was no difference (P ϭ 0.67) in RPE rating among groups relative to dehydration, and increases in RPE (2.1 Ϯ 1.7 for Control, 2.8 Ϯ 2.2 for SS, and 2.9 Ϯ 1.4 for CF) were similar over time (P ϭ 0.70).
Thirst responses. Thirst ratings (units on the 9-point Likert scale) increased as expected over progressive dehydration (P Ͻ 0.001), but this was not different by group (P ϭ 0.310) (Fig. 3) . There was no difference among groups in thirst rating at baseline (P ϭ 0.40) or in net change in thirst from baseline to exercise termination (3% dehydration) (P ϭ 0.30). Thirst rating at exercise termination tended to be higher in subjects with greater increases in plasma [AVP] (r ϭ 0.41, P ϭ 0.08, n ϭ 16). The percent reduction in body weight (%dehydration) observed at specific scale ratings such as "somewhat thirsty" or "very thirsty" was not significantly affected by group (P ϭ 0.35). As an example, the %dehydration level eliciting a thirst rating of "four" (somewhat thirsty) was 1.2 Ϯ 0.8% for Control, 1.1 Ϯ 0.9% for SS, and 1.4 Ϯ 0.2% for CF (P ϭ 0.80). Finally, to permit examination of responses in the context of perceived thirst during exercise, serum osmolality and relative PV change at an absolute thirst rating of four to seven are presented in Fig. 4 .
During recovery, thirst ratings obtained at 10-min intervals beginning before ad libitum drinking (10 min postexercise) to 40 min postexercise were not different among groups (P ϭ 0.554), with scores ranging from seven (very thirsty) to one to two (not thirsty), respectively, over these recovery time points. Mean Ϯ SD thirst ratings were 7.8 Ϯ 2.0, 2.3 Ϯ 1.7, 1.5 Ϯ 1.2, and 1.1 Ϯ 1.0 for Control; 7.4 Ϯ 2.6, 3.7 Ϯ 2.2, 2.7 Ϯ 2.0, and 2.1 Ϯ 1.6 for SS; and 7.3 Ϯ 1.6, 3.3 Ϯ 2.1, 2.3 Ϯ 1.5, and 1.3 Ϯ 1.0 for CF. The volume of beverage voluntarily ingested following exercise was recorded as an additional measure of thirst. There was no difference between Control and SS in the volume of fluid ingested ad libitum (normalized by body wt) (P ϭ 0.901) during the 40 min following exercise. However, the volume consumed by CF (normalized by body wt) was 40% lower compared with Control (P ϭ 0.007) and SS (P ϭ 0.021) (Fig. 5) despite similar reported thirst at the end of exercise (3% dehydration) (Fig. 3) . ] at the start of recovery (3% dehydration) were higher for Control (P Ͻ 0.001) and SS (P Ͻ 0.001). For CF at the start of , with ad libitum fluid ingestion during recovery for Control, non-CF SS, and CF subjects. At 40 min postexercise, an additional blood sampling was performed for CF followed by provision of ad libitum salty foods (see text). Between-group statistical comparisons after the 40-min time point do not include CF. *Significantly less than Control, P Ͻ 0.01 for CF and P ϭ 0.05 for SS. #CF significantly less than SS, P Ͻ 0.01. †Significant change from baseline, P Ͻ 0.05. Fig. 4 . Attenuated rise in serum osmolality for CF subjects (P ϭ 0.004) and non-CF SS (P ϭ 0.018) but greater percent change (⌬) in plasma volume from baseline (P ϭ 0.012 for CF, 0.015 for SS) compared with Controls across reported thirst levels of "4" through "7" during exercise. Groups were at similar levels of dehydration across these reported thirst levels. *SS and CF different from Control (P Ͻ 0.05). (P ϭ 0.001) were still below baseline for CF despite an ad libitum NaCl intake of 6.0 Ϯ 3.7 mg/kg body wt and a 40% lower fluid intake (Fig. 5) (Fig. 6) do not include CF.
DISCUSSION
The present study provided a novel comparison of thirst responses to prolonged exercise in the heat among groups at the extremes of sweat Na ϩ loss. The most salient finding was that perceived thirst was not differentially affected by highsweat [Na ϩ ] during exercise. With progressive dehydration, subjects with excessive sweat Na ϩ loss (CF and SS) had an attenuated rise in osmolality (Fig. 1) but a greater loss of PV relative to dehydration (Fig. 2) . Because both rise in blood osmolality and fall in PV serve as potent stimulators of thirst in humans (3, 12, 17, 22, 44) , similar perceived thirst (Fig. 3) is logical and was consistent with our hypothesis.
As hypothesized, osmolality increased less in subjects with exceptionally salty sweat (CF and SS) compared with Controls with "typical" sweat [Na ϩ ] (Fig. 1) . Furthermore, these salty sweaters did not maintain PV with dehydration as well as Control (Fig. 3A) such that sweat [Na ϩ ] was directly proportional to %PV loss (Fig. 2B ). This observation is consistent with a lower osmotic-driven shift of fluid from the ICF space to the ECF space and is consistent with previous observations by Nose and coworkers (30) who reported a strong positive correlation between dehydration-induced change in blood osmolality and change in ICF volume, and between sweat [Na ϩ ] and dehydration-induced change in ECF volume. The changes in ICF and ECF that undoubtedly occurred in our subjects cannot be reported here because the calculations require measurement of initial total PV. However, given that the relationships observed for sweat [Na ϩ ] with FW loss relative to body weight (r ϭ Ϫ0.978) and change in blood osmolality with FW loss (r ϭ 0.719) are remarkably similar to those reported by Nose and coworkers (30) for subjects exercising to 2.3% body weight loss, it is plausible that a smaller shift from the ICF to ECF compartment occurred in SS and CF compared with Control because of the diminishing effect of high-sweat [Na ϩ ] on osmotic pressure to maintain fluid in vessels with dehydration.
Because the reduction in ECF volume incurred with PV loss also serves as a signal for thirst (3, 13, 41) , although believed to be a secondary stimulus following hyperosmolality (13) , the approximately one-third greater loss in PV than Control for SS and CF (Fig. 2) likely compensated for their reduced hyperosmotic stimulus for thirst and permitted thirst sensitivity to be maintained. Examining blood measures that correspond to thirst ratings four through seven during exercise illustrates this point (Fig. 4) . Although all groups were at similar levels of dehydration across these reported thirst levels, rise in serum osmolality for Control was significantly steeper than for SS (P ϭ 0.018) and also for CF (P ϭ 0.004), whose attenuated rise never exceeded the putative 5-6 mosmol increase in serum osmolality threshold to trigger thirst. For both SS and CF, another stimulus, hypovolemia, may have largely contributed to the triggering of thirst in the absence of a strong hyperosmotic signal. Indeed, PV was reduced more drastically in CF (P ϭ 0.012) and SS (0.015) across reported thirst levels of four through seven during exercise compared with Controls (Fig. 4) , so it is probable that hypovolemia was in fact providing a compensatory stimulus to trigger thirst in these two groups. From this, we suggest that, for all individuals, thirst is a linear function of dehydration during exercise, with relative contributions by hyperosmolality and hypovolemia dependent upon magnitude of salt lost in sweat.
The tendency for postexercise thirst rating (at 3% dehydration) to be higher in subjects with greater dehydration-induced increase in plasma [AVP] is consistent with the well-documented dipsogenic effect of this hormone (21, 35, 47) . A primary driver of hyperosmotic thirst, AVP is released from the posterior pituitary gland in response to cell shrinking (from loss of ICF), mediated through volume-depleted activation of osmoreceptor cells in the preoptic anterior hypothalamus (3). Because we anticipated that dehydration-induced relative hypernatremia and hyperosmolality, and thus secondary dehydration of the ICF compartment, would be less in CF and SS, we predicted that plasma AVP response to dehydration in these groups would be blunted as well. Furthermore, we anticipated that the dipsogenic hormone most sensitive to PV loss, ANG II (13), might demonstrate a more pronounced rise in SS and CF because of greater relative PV loss at similar levels of dehydration. Surprisingly, however, changes in plasma [AVP] and plasma [ANG II] were not different among groups. The absence of differential effect of sweat [Na ϩ ] on dipsogenic hormone response may be explained by the significant cross talk that is known to exist between the hyperosmotic and hypovolemic thirst pathways (3, 13) .
The drive to drink in humans may be blunted in healthy individuals under certain physiological and environmental stresses (i.e., athletic competition, cold) (15, 16) . In CF, involuntarily dehydration during exercise has been suggested because of an impaired hyperosmotic trigger for thirst (6, 20) . To our knowledge, these are the first observed physiological differences reported in CF on drinking behavior in response to dehydration and electrolyte imbalance. Although thirst relative to dehydration was similar for CF despite attenuated hyperosmolality, when presented with fluids during recovery, CF drank 40% less fluid ad libitum compared with non-CF, which is inconsistent with their similarly high perceived thirst ratings (to SS and Control) throughout exercise but mirrors the "involuntary dehydration" noted by other investigators (6, 20) for CF children during ad libitum fluid replacement following exercise. This suggests that volitional fluid intake for CF is influenced by factors in addition to TBW loss, particularly the unique challenge to replace significant NaCl loss with prolonged sweat excretion.
Volitional drinking in CF may have been more strongly influenced by the hypotonicity of the recovery beverage provided ( (Fig. 6) , and, in addition to some CF subject complaints, strong salt cravings were reported by all CF subjects. Despite provision of salty foods for CF beginning after the 40-min postexercise time point, serum [Na ϩ ] and [Cl Ϫ ] continued to fall until 90 min into recovery and remained below preexercise values at 2 h. It is likely that the relatively rapid decrease in serum [NaCl] below baseline may have served to blunt the appetite for the hypotonic beverage provided. Consistent with this, drinking is known to be influenced by salt needs (17) , with input provided not only by osmoreceptors but also possibly via specialized salt sensors with Na ϩ -sensitive channels in cells of the circumventricular organs (29) . Analysis of drinking patterns in laboratory rats with experimentally induced hypertonic vs. hypotonic hypovolemia suggests that avoidance of salt imbalance is given preference over the stimulation of fluid intake for blood volume restoration (31, 41, 45) . Similar to that demonstrated repeatedly in animal models, the reduced ad libitum fluid ingestion in CF (Fig. 5) Fig. 6 ) as priority over volume restoration. Further investigation to tease out cause-effect and mechanisms underlying this observed association is warranted.
Illustrating the potential importance of a strategy aimed at preservation of salt balance over volume restoration, the two CF subjects who drank the least in recovery had the best restoration of serum [ 
Perspectives and Significance
In summary, despite smaller FW loss and attenuated serum hyperosmolality with dehydration, thirst perception during exercise was not diminished in subjects with excess sweat [Na ϩ ] loss. The greater relative PV loss with exercise-induced dehydration observed in our healthy and CF salty sweaters likely served as compensatory input to the thirst drive in the absence of a strong hyperosmotic signal. Hence, despite large variability in sweat electrolyte loss in humans, thirst perception appears to be appropriately maintained. Sweat Na ϩ losses observed in SS and CF provide empirical support for models (24) and recommendations (37) for consuming electrolytes during prolonged exercise to guard against the potential for hyponatremia in salty sweaters. Involuntary dehydration reported to occur in CF, and observed via the blunted appetite for hypotonic fluids in the recovery phase of this study, may reflect physiological cues directing behavioral responses to preserve salt balance over volume restoration. It is clear that, for CF, fluid replacement following prolonged exercise should not consist solely of hypotonic fluids, and drinking beyond appetite for fluids should not be encouraged. Further research is needed to identify optimal fluid and electrolyte replacement strategies for this population who can obtain health-related benefits from moderate-to-vigorous exercise.
